Thirty of 200 ewes died or were euthanatized during a 21-day period following a l-day accidental exposure to natural gas condensate, a complex mixture of hydrocarbons obtained during collection of natural gas from wells. Despite access to potable well water, the poisoned ewes willingly consumed toxic doses of condensate that contaminated surface water. Eight animals died without premonitory signs; the remainder became ill over the course ofa few days to 3 weeks. The principal cause of mortality was aspiration pneumonia, but myocardial degeneration and necrosis, renal tubular damage, gastritis, enteritis, and meningeal edema and hyperemia were also observed. Gas chromatographic analysis identified chemical traces of the hydrocarbons in the tissues, and "fingerprinting," the process of matching chromatographic tracings, provided forensic proof of the contamination source. Atomic absorption spectroscopy and cholinesterase analyses were performed to eliminate the possibility of toxicosis by heavy metal contaminants or other constituents. This appears to be the first reported incidence of natural gas condensate toxicity involving sheep or other ruminants. Although the available literature presents a suggestive pattern of clinical signs and pathologic lesions of petroleum product poisoning, diagnostic investigations should employ detailed analytic examination because each source of petroleum hydrocarbons contains unique sets of components that may produce different toxic effects.
Products ofthe petroleum industry include a variety flock's diet was supplemented with alfalfa hay and moof materials from crude oil and natural gas to fully lasses. A well and trough for drinking water were 10refined fuels, solvents, lubricants, and petrochemicals, cated less than 200 m from the gas well and storage as well as waxes and asphalts. These materials are com-tank. This drinking water appeared to be free of conplex mixtures of petroleum hydrocarbons and many tamination based on visual and olfactory inspection. contain contaminants or intended additives. Natural Twelve months previously, on this ranch, two ewes gas condensate, "casinghead gasoline" or "natural gas-were found dead, and two additional ewes had bloody oline," is a highly volatile liquid fraction of hydrocar-diarrhea. A diagnosis of petroleum hydrocarbon toxbons obtained during collection of natural gas from icosis was suggested by the strong gasoline-like odor wells. The recovered condensate is processed into fuels detected at necropsy in the ruminal and abomasal conand solvents." Accidental petroleum hydrocarbon tox-tents. Toxicologic analyses were not performed at that icity has been reported in human beings'<'-"-" time. and several domestic species, including rumi-
The source of condensate in the episode reported nants, 10.13,19,21,27,30,32 horses," and a dog.' This report de-here was traced to previous valve leak on the storage tails the pathologic and toxicologic manifestations as-tank that had contaminated the surrounding soil, Presociated with the accidental ingestion of natural gas ceding the deaths, heavy rains apparently had saturated condensate by sheep.
the soil, and the high water table brought the conden-Thirty ofapproximately 200 mature ewes on a ranch sate to the top ofsurface water pools outside the fenced in northern California died or were euthanatized dur-area. Eight ewes died the first day without clinical signs, ing a 21-day period in December 1985 following ex-and although the surface water was fenced offimmeposure to surface water contaminated with natural gas diately thereafter, ewes continued to succumb over a condensate. The ewes on this ranch were at least 3 21-day period. Two additional ewes died within 5 days years old, though most were older, were of mixed Suf-of exposure, but the majority of losses occurred befolk breed, and were post-parturient. They were grazing tween days 10 and 17. Clinical signs observed during on pasture that contained a fenced-off natural gas well the course of toxicosis included depression, recumand a storage tank holding natural gas condensate. The bency, fever, gasoline-like odor of the breath, dyspnea, Vet Pathol 29: I, 1992 anorexia, rumen atony, and bloody diarrhea. Treatment was not attempted for any sheep.
Materials and Methods
Blood for hematologic examination and serum chemistries was collected from two ewes (Nos. 4, 5) just prior to euthanasia on post-exposure day 10. Two live but unthrifty ewes (Nos. 21, 22) were brought to the Veterinary Medical Teaching Hospital at the University of California at Davis, California, for clinical evaluation 18 days following exposure. Clinical laboratory examination of the hospitalized animals also included a tracheal wash.
Twenty-two of 30 affected ewes were submitted for pathologic evaluation. Eight ewes (Nos. [13] [14] [15] [16] [17] [18] [19] [20] were too autolyzed for complete evaluation. Nine dead ewes were examined within 4 hours of death. These nine ewes received complete histologic evaluation along with five others (Nos. 4-6, 21, 22) that were euthanatized in the laboratory and necropsied immediately. Tissues for light microscopic examination were fixed in 10% neutral buffered formalin, embedded in paraffin, cut in 6-,um sections, and stained with hematoxylin and eosin. Special stains, used as needed, included periodic acid-Schiff, Perl's iron, Puchtler-Sweat (for hemoglobin), Brown and Brenn, Ziehl-Nielson acid fast, von Kossa, and Wiegert's reticulin.
Bacterial cultures were obtained from lung tissues of eight ewes at necropsy (Nos. I, 3, 4, [8] [9] [10] [11] 21) . Routine microbiologic techniques were used for the identification of both aerobic and anaerobic bacteria.
Liver and kidney samples from five euthanatized ewes (Nos. 4-6, 21, 22) were analyzed by atomic absorption spectroscopy for lead, arsenic, copper, chromium, and selenium levels. Brain tissue from these animals was evaluated colorimetrically for cholinesterase activity."
Analyses for petroleum hydrocarbons were performed on samples of gas condensate from a valve on the storage tank, surface water from three nearby locations, drinking water from the well and trough, and ruminal contents, brain, and adipose tissue of the five euthanatized sheep. Samples were collected in glass bottles and refrigerated at -20 C until analyzed. Petroleum hydrocarbons in the samples were extracted with freon, separated by gas chromatography, and detected by flame ionization (Perkin-Elmer 2000, Perkin-Elmer, San Jose, CA).35 A chromatogram from the condensate was compared to those of water and tissue samples to detect matching component peaks ("fingerprinting").lo To further characterize the condensate, components were separated by gas chromatography (Finnigan model 9500 GC, Finnigan Mat, San Jose, CA), and chromatographic peaks were identified by mass spectrometry (Finnigan 3200 quadropole MS, Finnigan Mat, San Jose, CA) and quantified by integration of the chromatogram.
Results

Clinical and laboratory findings
Both of the ewes brought to the Veterinary Medical Teaching Hospital were emaciated, depressed, recumbent, and had nasal discharges. The tracheal wash of ewe No. 21 consisted ofbacteria, degenerating neutrophils, and macrophages that contained crystals and plant material. The tracheal wash of ewe No. 22 had large numbers of mixed bacteria and necrotic debris along with occasional hyperplastic epithelial cells and squamous epithelial cells with rafts of bacteria.
Hematologic findings from these and two other live ewes (Nos. 4, 5) presented for necropsy are shown in Table 1 . The most common abnormalities were identified in the leukograms; three offour ewes had elevated total leukocytes and mature neutrophilia. Ewe Nos. 4 and 5 were lymphopenic; ewe Nos. 5 and 21 had monocytosis. Ewe No.4 had increased packed cell volume, hemoglobin, and fibrinogen; ewe Nos. 4 and 5 had elevated plasma protein.
Serum chemistry determinations from these four ewes are shown in Table 2 . Meaningful abnormalities were more frequent at 10 days post-exposure (ewe Nos. 4,5) than at 18 days post-exposure (ewe Nos. 21, 22) . Blood urea nitrogen and serum creatinine, lactate dehydrogenase, creatine phosphokinase, and cholesterol concentrations were elevated in ewe Nos. 4 and 5. Both of these ewes had decreased serum potassium, and all four ewes had decreased serum calcium. Individual abnormal values included marginally elevated aminotransferases (ewe No.4); increased albumin, gamma glutamyltransferase, and glucose (ewe No.5); decreased albumin (ewe No. 21); and increased creatine phosphokinase and decreased phosphorous (ewe No. 22).
Necropsy findings
The major pathologic findings of 14 complete necropsies are summarized in Table 3 . With the exception of the two emaciated ewes (Nos. 21, 22) maintained for 21 days post-exposure, animals were in fair to good body condition at the time ofdeath. A potent gasolinelike odor was detected in the gastrointestinal tract in all sheep except Nos. 21 and 22. This odor originated most strongly from the rumen and abomasum but was also identified in the intestines of ewe Nos. 5-7. The rumens were typically filled with dry green roughage mixed with various amounts ofyellow oily liquid. There was diffuse serosal hyperemia over the rumen, abomasum, and segments of small and large intestine. Five ewes had intense and diffuse serosal reddening extending from the abomasum to the rectum. Petechial and ecchymotic hemorrhages ofthe serosa and mucosa were found in seven animals. Two animals had bloody intestinal contents.
Eight additional ewes (Nos. [13] [14] [15] [16] [17] [18] [19] [20] , dead on postexposure day 17, had severe postmortem autolysis that precluded comprehensive evaluation. In these animals, only the abomasums and rumens were examined to confirm exposure, all of which had strong gasoline- t MCV = mean cell volume.
:j: MCHC = mean corpuscular hemoglobin concentration.
like odor from their contents. When rumen contents of several of these animals were allowed to stand and separate in glass jars, an upper layer ofpetroleum liquid developed that comprised as much as 15% ofthe total volume. Eight ewes (Nos. 1-6,8,22) had severe bilateral red consolidation and tan-gray mottling of the lungs that affected the cranial and middle lobes and the cranioventral parts of the caudal lobes. The mottled areas of the lungs contained necrotic areas that varied from 1 to 5 em in greatest diameter. Ten ewes (Nos. 1-6, 8-10,21) had fibrinous pleural adhesions; three of these also had moderate amounts of serofibrinous pleural exudate. Three ewes (Nos. 5, 7, 8) had a few scattered caseous abscesses in the lung parenchyma.
Pasteurella hemolytica was isolated, either alone or in combination with other respiratory pathogens, from the lungs of six ewes (Nos. 3, 4, 8-10, 21). Three of these animals had fibrinous pleuritis (Nos. 9, 10,21), whereas the others had both pleuritis and cranioventral consolidation. Other organisms recovered included Escherichia coli (Nos. 1, 3, 9) , Pseudomonas sp. (Nos. The meninges and choroid plexuses were hyperemic in 11 ewes; nine of these had wet glistening leptomeninges.
Two ewes (Nos. 21, 22) had neoplasms. The first animal had a large white rubbery mass, measuring 6 em in length, that partially obstructed the colon at the junction of the proximal and transverse colon. The mass extended through the bowel wall and had multiple fungoid growths on the serosal surface. The other ewe had a large firm mass measuring 8 em in greatest diameter involving the right side of the head and enveloping the external ear. The mass was firmly attached and continuous with the overlying skin and protruded slightly into the cranial vault.
Histopathologic findings
The most prominent microscopic lesions ofthe gastrointestinal tract were mucosal and submucosal congestion and mucosal and serosal hemorrhages found throughout the tract. Rumenitis, abomasitis, enteritis, and colitis, either alone or in combination, were diagnosed in half of the animals. The inflammation in these organs, confined to the mucosa, was characterized by mild edema and accumulations oflymphocytes and plasma cells in the lamina propria, as well as mild acute cryptitis. Superficial microerosions, with neutrophils in frequent association, were scattered throughout the mucosa of the stomachs and small intestines. There was also individual cell necrosis of the surface epithelium without inflammation at many sites in the digesti ve tract.
Microscopic examination of the respiratory tract revealed acute necrotizing bronchopneumonia in all ewes ( Fig. 1) with cranioventral consolidation. There were extensive areas of coagulation necrosis and suppuration in the consolidated portions of the lungs. A dense zone of neutrophils and lesser numbers of lymphocytes, plasma cells, and macrophages formed the perimeter of many necrotic areas. Alveoli were flooded with fibrinous exudate, inflammatory cells, and amorphous eosinophilic material. Gram-negative colonies of coccobacilli were present in the necrotic tissue in large numbers. Variably shaped empty cystic spaces were identified within areas ofliquefaction, suggestive of resorbed liquid foreign material. There were also occasional particles of plant material (ingesta). A thick crust of fibrin, hemorrhage, and mixed mononuclear cells covered the pleural surfaces in many of the lungs. In ewe Nos. 3 and 6, this exudate was partially organized by fibroplasia and neovascularization.
The principal microscopic cardiac changes included multiple zones of pale staining myocardial fibers and segmental myofiber necrosis and calcification (Fig. 2) . Affected myofibrils had indistinct cross striations and a beaded appearance. Many foci had infiltrations of lymphocytes, macrophages, and occasional neutrophils. Affected hearts also had congested epicardial and myocardial blood vessels.
Microscopic renal lesions consisted of tubular epithelial degeneration or necrosis (Fig. 3) . These changes involved scattered cells or segments of proximal convoluted tubules. Granular eosinophilic casts (which stained negatively for hemoglobin with Puchtler-Sweat stain) and protein droplets filled Bowman's space and many renal tubules. Mixed inflammatory cell infiltrations were associated with some of the cast-containing necrotic tubules. There were also a few regenerative tubules.
The affected livers had periacinar fatty degeneration and periportal infiltrations oflymphocytes and plasma cells. Bile duct hyperplasia was found in two of the ewes (Nos. 12,21) with liver lesions. Ewe No. 12 also had periportal fibrosis.
Diffuse congestion of the vessels of the menginges, choroid plexus, and brain parenchyma were common. Increased separation of the pia and arachnoid membranes was prominent. The stroma ofthe choroid plexus was edematous. Mild perivascular hemorrhage was seen in the pia mater and white matter ofthe cerebrum and cerebellum.
The tumor mass in the colon of ewe No. 21 was a mucinous adenocarcinoma of mucosal gland epithelium. The proliferative cells formed a tubular pattern and produced periodic acid-Schiff-positive material. Transmural neoplastic invasion was associated with stromal fibrosis. Metastatic tumor cells were found in one regional mesenteric lymph node. The mass on the right side of the head of ewe No. 22 was a squamous cell carcinoma arising from the epidermis. This neoplasm was highly invasive and had marked stromal fibrosis. Metastases were not found in regional lymph nodes.
Toxicologic findings
The concentrations of lead, arsenic, copper, chromium, and selenium in the liver and kidney (Table 4) were within accepted normal ranges for sheep." The mean of brain cholinesterase activity for five ewes was normal (3.2 Jlmoles/minute/g of brain)."
Gas chromatographic analysis confirmed an absence ofpetroleum hydrocarbons in the drinking water; however, the surface water was highly contaminated (10-100% hydrocarbon content, [vol/vol]). Total petroleum hydrocarbon content in the rumens varied from 8 to 15% (vol/vol), whereas brain and fat contained trace amounts. The gas chromatogram ("fingerprint") of the condensate taken directly from the valve on the storage tank ( Fig. 4) matched the chromatograms of the rumen contents ( Fig. 5 ) and surface water samples. A total of 115 different hydrocarbons including 64 cyclic aromatic hydrocarbons (463.6 mg/g oftotal hydrocarbon) and 51 aliphatic hydrocarbons (193.7 mg/g of total hydrocarbon) were identified in the natural gas condensate by mass spectrometry. Aromatic hydrocarbons (including the number of resolved isomers and side-chain variants) were cyclohexane (31), cyclopentane (II), benzene (10), naphthalene (3), and one each of cyclopropane, cyclohexanol, cycloheptatriene, tricyclodecan, phenol, naphthaleneamine, indene, spi-roundecane, and spiropentane. Aliphatic hydrocarbons were octane (7) , decane (6), heptane (5), undecane (4), nonane (4), pentane (3), pentalene (3), hexane (3), octanol (2), heptadecane (2), hexadecane (2) , and one each of pentene, hexene, octene, nonene, decyne, undecanal, dodecane, tridecane, octadienal, and eicosanol.
Discussion
In the United States, petroleum hydrocarbon poisoning of ruminants is usually limited to accidental cases in specific geographic areas associated with the oil and gas industry. These animals are usually found dead, cause is implied, and necropsy is rarely performed." Significant features in the present report included proximity to the gas well and storage tank, surface water contamination, strong gasoline-like odor of the breath, and history of presumptive exposure. Despite this evidence, a causal relationship with natural gas condensate exposure could not be drawn for all lesions. Dose-response could not be addressed and controls were not available; many ewes were older and probably had a background of incidental lesions or spontaneous pathology. Consequently, toxicologic analysis was employed to confirm and forensically document the diagnosis.
The procedure of matching chromatographic tracings, known as "fingerprinting," 10 confirmed the source of poisoning as condensate from the storage tank. This technique is possible because each crude oil and petroleum product is characterized by its own unique set of compounds and component concentrations." The chromatograms of the rumen content and storage tank valve samples were virtually superimposable images. The slight differences in component peak heights were probably due to absorption or evaporation of more volatile fractions.
Natural gas condensate is a poorly defined product and each petroleum field produces a unique material. 25 Chemically, condensate is a complex mixture ofhighly volatile aliphatic alkanes and alkenes with variable amounts of cyclic hydrocarbons. 18 Mass spectrometry identified 116 different complex hydrocarbons in the condensate from the storage tank, with cyclic hydrocarbons representing the major fraction of the identified components.
The toxicity of a particular petroleum hydrocarbon should be determined on an individual basis. Where known, the toxicity of similar compounds or constituents can be used for general comparison, but the metabolic effects ofa complex hydrocarbon mixture should not be considered as the sum of individual components.> Impurities, such as organic sulfides, and intended additives, such as heavy metals, may also contribute to toxicity. Some petroleum hydrocarbons are also used as vehicles for pesticides.t-v-" Analysis of tissues and rumen content for heavy metals showed that lead, arsenic, copper, chromium, and selenium were within acceptable ranges. Nickel, iron, and vanadium, not tested for in this report, are also common trace metals found in crude oils." The possibility of poisoning by cholinesterase-inhibiting organophosphates and carbamate pesticides was eliminated by demonstrating the presence of normal brain cholinesterase activity in the sheep.
Gas chromatographic analysis showed a high con-centration of hydrocarbons (8-15% [vol/vol]) in the rumen and traces in the fat and brain of the ewes. Analysis of water from the well and trough near the flock showed that the spill had not contaminated the drinking water and that potable well water was available to the animals at the time of poisoning. The condensate that accumulated on surface water in pools near the storage tank was willingly consumed in toxic doses by the ewes in the short time period (about 24 hours) during which it was available. The tracheal washes and histologic findings were consistent with aspiration pneumonia, the most common cause of morbidity in both animals and human beings following petroleum hydrocarbon ingestion. 9 ,28,29 The distribution and character of respiratory lesions in experimentally induced toxicity of cattle are similar to the changes identified in this study. Lung lesions involve the cranial and middle lobes and the cranioventral portions ofthe caudal and accessory lobes. Affected lung tissue is consolidated, dark purple, and often gangrenous, and it may have abscessation or cavitation."
The pathogenesis ofrespiratory lesions in petroleum hydrocarbon poisoning is determined primarily by the aspiration hazard ofthe particular hydrocarbon, which Vet Patho! 29:!, 1992 is inversely proportional to the viscosity and surface tension of the substance in question." As shown in experimental studies without aspiration in dogs? and vervet monkeys," gastrointestinal and systemic absorption of toxic doses of kerosene do not cause pulmonary lesions. Intratracheal administration of kerosene to baboons induced pulmonary edema and hemorrhage, lesions significantly different from those of baboons treated intravascularly. 33 In ruminants, the induction of abnormal eructation, bloat, or vomiting by low viscosity hydrocarbons increases the likelihood of aspiration. Microorganisms in the respiratory tract, carried into the lung by the aspirated petroleum, are also important in the pathogenesis of pulmonary lesions in ruminants." In several of the ewes in the present report, Pasteurella hemolytica was a secondary pathogen that may have augmented lesions associated with the aspiration of the gas condensate.
Multifocal myocardial degeneration and necrosis are rare lesions in mature sheep. Elevated values for creatine phosphokinase and lactate dehydrogenase are compatible with this muscle damage although prolonged recumbency may have been contributory. The histologic character of the cardiac lesions was consistent with the post-exposure time interval and not preexistent lesions, although causes other than petroleum hydrocarbon toxicity should also be considered. Normal tissue levels of selenium and the availability of adequate quality feed suggest that nutritional myopathy was not the cause. Cardiac muscle degeneration may have been induced by undetermined constituents in the condensate such as heavy metals or sulfur. Poisonous plants were not identified in the pasture.
Pathologic changes in the brain included diffuse hyperemia and increased fluid in the subarachnoid space of the meninges, congestion of the neuropil, and mild perivascular hemorrhage, lesions that share a vascular basis. Petroleum hydrocarbons are irritants and in sufficient concentration could have caused damage to the endothelium. Trace amounts of the lipid-soluble condensate were identified in brain tissue, which indicates passage through the blood-brain barrier.
The cause of central nervous system (CNS) manifestations in acute oral petroleum hydrocarbon toxicity is controversial. Cerebral hypoxia, related to aspiration pneumonia, is assumed to be the underlying cause of CNS manifestations seen in kerosene toxicity in children." In this study, CNS lesions were found in several animals that had no evidence of pneumonia. Direct effects on the CNS by natural gas condensate or any of its numerous constituents or metabolites cannot, therefore, be discounted. Benzene, a known constituent of this petroleum hydrocarbon mixture, is among the group of highly volatile hydrocarbons mainly responsible for CNS toxicity."
Petroleum hydrocarbons are known to irritate membranes. Gastrointestinal lesions in these ewes included focal mucosal inflammation, erosions, hemorrhages, marked vascular congestion, and hemorrhagic diarrhea. Although enteric cultures for Salmonella sp. were not performed, histologic lesions were not typical of this infection. Petroleum hydrocarbon exposure produced similar gastrointestinal signs and pathologic lesions in acute oral toxicity studies of rodents. I The only consistently abnormal hepatic biochemical finding was elevated serum cholesterol, which is suggestive of altered lipid metabolism. Hepatic fatty degeneration, seen in eight ewes, may have been related to direct or metabolite-associated hepatotoxicity and has been reported in cattle. 2 1 ,32 Alternatively, nutritional stress or pregnancy may have been contributory. Mild periportal inflammatory lesions in the liver may have been associated with an increased portal burden of antigens absorbed through a compromised gastrointestinal mucosal barrier. The significance of mild cholangiolar hyperplasia, identified in two ewes, and periportal fibrosis in one of these ewes, cannot be assessed without an evaluation of unexposed animals in the flock. These may be incidental findings due to the age of many of the ewes.
The origin of azotemia, detected in ewe Nos. 4 and 5, IO days after exposure, cannot be determined based on the available laboratory data. Although these animals had renal lesions, they also had hematologic evidence of dehydration. The presence of similar renal lesions in ewe Nos. 21 and 22 without concurrent azotemia infers prerenal origin. Renal lesions may be associated with petroleum hydrocarbon or non-hydrocarbon constituent toxicity and possibly, but less likely, endotoxin-mediated tubular damage. Massive exposure to petroleum distillates can cause tubular necrosis in human beings.s-" Nephrotoxicity, characterized by hyaline droplet change, tubular necrosis, proteinaceous debris, and tubular dilatation and regeneration, is also commonly observed in chronic petroleum hydrocarbon inhalation studies in male rats. 2 , 14, 16,22 Although use of the male rat as a model for nephrotoxin evaluation is controversial, the alterations seen in petroleum hydrocarbon exposure of rodents have been clearly associated with branched-chain alkanes, 14, 17 compounds easily identified in the natural gas condensate.
Additional causes ofthe tubular casts should be considered, particularly in light of evidence of hemolytic disease associated with crude oil exposure in marine birds. IS It is unlikely that proteinaceous debris and eosinophilic tubular casts observed in these sheep con-tained hemoglobin because there was no hematologic evidence of hemolysis, and special stains for hemoglobin were negative in kidney sections. Myoglobin casts cannot be discounted since there were elevations of muscle-related enzymes and cardiac muscle damage.
Mutagenicity assays have identified carcinogenic potential for some petroleum hydrocarbons'; however, the neoplasms found in two ewes were probably incidental findings, unrelated to toxicosis, in these older animals. The size of both tumors and the metastatic character of the colonic carcinoma imply a longer duration than the actual length of toxin exposure.
